Lesions of the hippocampal formation or transections of the fornix are followed by shrinkage of the medial mammillary nucleus (MMN). We determined whether the shrinkage of this nucleus was due to loss and/or shrinkage of neurons in addition to the loss of neuropil. We examined the MMN in a patient (KB) with an infarct that led to marked atrophy of the left hippocampus and subiculum, leaving the right MMN intact. Unbiased, stereological measurement techniques were used to compare the total cell number and individual neuronal cross-sectional areas in both left and right MMN in this patient and in two control human brains. We also analyzed the MMN in four macaque monkeys that underwent experimental unilateral transections of the fornix. The volume of the MMN on the lesioned side in KB was 55% of the unlesioned side (2.8 mm 3 vs 5.1 mm 3 ); the MMN in the monkey cases were reduced to 47-58% of the volume of the nonlesioned side. Neurons in the deafferented MMN of KB and of the monkey subjects were decreased in cross-sectional area (16 -20%, P < 0.0001). There was a trend toward decreased cell numbers (11-15%) on the lesioned side in all cases. We have estimated that the loss in cell number and shrinkage of remaining cells contribute negligibly to the 45% reduction in MMN volume. Therefore, the loss of neuropil (dendrites and afferent and efferent axons) appears to be the major contributor to the change in MMN volume.
INTRODUCTION
Neurons undergo a characteristic series of somatic changes when their axons are cut (for reviews see 3, 13) . Cells either degenerate and are eliminated or persist in an altered, usually shrunken, state. For example, removal of the cingulate cortex results in a near complete loss of neurons in the ipsilateral anteroventral and anterodorsal nuclei of the thalamus (8) . Similarly, transection of the fimbria or fornix, both in rodents and in nonhuman primates, leads to retrograde cell loss and shrinkage in the ipsilateral septal nuclei (4, 9, 10, 17, 23) .
It is also well known that elimination of a major afferent to a brain region can produce profound transneuronal changes. Matthews and Powell (15) , for example, demonstrated that removal of the olfactory epithelium results in a substantial shrinkage of the olfactory bulb and in a shrinkage of the cross-sectional areas of mitral and granule cells. Similarly, in the visual system, enucleation leads to rapid transneuronal degeneration of deafferented neurons (13, 21, 24) . While it has been known for some time that transection of the fornix leads to a marked shrinkage of the medial mammillary nucleus (7, 22, 27, 31) , whether this is due to cell loss, to cell shrinkage, or to neuropil loss has not been investigated.
In nonhuman primates and in the human brain, the postcommissural fornix provides a prominent projection to the mammillary complex (19) . The medial mammillary nucleus receives input mainly from the subiculum (11) . In fact, the subicular projection to the medial mammillary nucleus is by far its heaviest input with relatively minor inputs from the basal forebrain and tegmental nuclei. Importantly, the medial mammillary nucleus does not project back to the hippocampal formation or any other region through the fimbria and fornix (26) . Thus, a lesion of the hippocampal formation or of the fimbria (through which the hippocampal fibers reach the medial mammillary nucleus) eliminates the major input to the medial mammillary nucleus but does not directly affect any of its output fibers. This provides an ideal system for analyzing the effects of anterograde transneuronal degenerative processes.
We have had the opportunity to investigate this issue in a human case study and in nonhuman primates prepared experimentally with transections of the fornix. The human case had a unilateral posterior cerebral artery infarct that damaged the ipsilateral hip-pocampal formation. Total neuronal numbers and cell body cross-sectional areas were assessed from Nisslstained sections using stereological techniques that ensured unbiased estimation of these parameters.
MATERIALS AND METHODS

Human Cases
Case history. Patient KB (male, age of death 75) suffered bilateral middle cerebral artery infarcts involving the superior temporal plane which produced cortical deafness 10 years prior to his death. Auditory and speech evaluation revealed that KB displayed severe cortical deafness and mild to moderate aphasia. Due to these profound deficits, no further neuropsychological testing was attempted. KB also suffered a left posterior cerebral artery infarct 7 years later. The entire left hippocampus and parts of the parahippocampal cortex were damaged by the infarct (Fig. 1) (5) . At postmortem analysis, it was noted that the medial mammillary nucleus (MMN) on the side of the infarct was noticeably shrunken (Fig. 2) . The patient was not known to have any history of alcoholism.
Human controls. Two control cases were evaluated for comparison with KB. Subject SP was an 82-year-old female who died of respiratory failure resulting from complications of pneumonia and congestive heart failure. Subject PK was a 94-year-old male treated for hypertension, with a history of a mild stroke in the parietal cortex. Neither brain demonstrated any neuropathology within the medial temporal lobe.
Acquisition and Preparation of Human Tissue
All human brains were acquired less than 24 h after death and were fixed by immersion in 4% paraformaldehyde. The brains were cut in ϳ2-cm-thick coronal blocks and photographs were taken. The blocks were placed in cryoprotectant solution of 10% glycerol, 10% formalin in 0.1 M phosphate buffer for 3 days and in 20% glycerol, 10% formalin in 0.1 M phosphate buffer for 5 more days. Whole coronal blocks were then frozen between glass slides by immersion in isopentane cooled to Ϫ70°C for 45 min. The brain tissue was stored at Ϫ70°C until it was sectioned.
Processing of human brain tissue. The tissue blocks were cut with the aid of a large freezing microtome designed specifically for cutting whole human brain tissue (Tetrander I). Continuous 50-m sections were cut through the blocks containing the mammillary nuclei, hippocampus, and parahippocampal gyrus. Every 6th section for KB and every 10th section for PK and SP containing the mammillary nuclei were mounted on gelatin-coated slides and stained with 0.25% thionin. The unmounted sections were stored in 10% formalin at 4°C.
Determination of lesion extent. In patient KB, the distribution of infarcted tissue was assessed by analyzing the rostrocaudal and mediolateral damage within the medial temporal lobe on Nissl-stained sections. The analysis revealed that the entire left hippocampus and subiculum were markedly shrunken throughout and entirely absent at caudal levels.
Monkey Cases
Surgical procedures and processing of experimental monkey brain tissue. Four female rhesus monkeys (M5-96, M6 -96, M7-96, and M8 -96) raised at the California Regional Primate Research Center were used for this study. Using standard aseptic surgical procedures, the left fimbria was completely transected with microscissors or bipolar coagulation. The monkeys survived approximately 9 months following surgery and were perfused, under deep anesthesia, with 4% paraformaldehyde followed by 5% sucrose in 0.1 M phosphate buffer solution. The brains were removed from the skull, blocked in the coronal plane in situ, and cryoprotected in 10% glycerol and 2% DMSO. After freezing, the tissue blocks were stored at Ϫ70°C until sectioned. The tissue blocks were cut using a freezing, sliding microtome at 30 m and every eighth section was stored in 10% formalin for further processing with 0.25% thionin (Nissl method).
Assessment of fornix transection. The fimbria/fornix was completely transected in all four experimental cases. The ipsilateral fimbria distal to the transection was considerably shrunken (Fig. 3 ) and the ipsilateral medial mammillary nucleus was markedly shrunken (Fig. 4B) .
Control monkeys. Four additional control monkeys (AN/AF, M8 -98, M12-98, and M13-98) were included in this study in order to determine if there were any naturally occurring interhemispheric differences in the volume of the medial mammillary nuclei. The brain tissue from these monkeys was prepared in the same manner as that from the experimental monkeys.
Quantitative Analysis
Microscopic observation and stereological analysis were accomplished by using a Nikon Optiphot 2 microscope with motorized stage. The quantitative analysis of the total volume and total neuronal count of the MMN were made with the aid of Stereo Investigator 3.0 software (Microbrightfield, NJ). Analysis of the cell areas was carried out with Neurolucida 2.1 (Microbrightfield, NJ).
Total volume of the MMN was calculated according to the following formula:
Vol.͑MMN͒ ϭ area outlined ϫ t ϫ 1/ssf, where Vol. (MMN) is the total volume of the medial mammillary nucleus, ¥ area outlined is the sum of the outlined areas (cross-sectional areas) of the MMN in each section analyzed, t is the thickness of the section, and ssf is the section sampling fraction (1/6 in patient KB, 1/10 in cases PK and SP, and 1/8 in monkeys).
Total cell number was estimated using the Stereo Investigator program according to the protocol of West et al. (28) . This protocol is designed to ensure an unbiased selection of areas to estimate the total cell count within the structure of interest. This type of analysis, known as the fractionator method, entails sampling over the entire rostrocaudal extent of the MMN and has well-defined criteria for selecting subregions for analysis (see 28 for more details). An additional requirement of this protocol is that a neuron is counted only if its nucleolus comes into focus within a threedimensional volume known as the disector probe. In order to preclude the counting of glial cells, we used the additional criterion of counting only cells with a minimum diameter of 10 m. Stereological measurement techniques are generally considered immune from differences in brain processing that might lead to greater or lesser shrinkage in some brains. The total neuronal number was calculated on the basis of the formula
where N is the total number of cells within the structure, Q is the total number of cells actually counted, t is the thickness of the section, h is the height of the disector, asf (area sampling fraction) is the fraction of the area that has been analyzed, and ssf (section sampling fraction) is the fraction of the number of sections that have been analyzed.
Q ranged between 373 and 622 in the monkey cases and 95-240 in the human cases. A detailed description of the number of neurons counted in each case is given in Table 2 .
In our application of the fractionator method of cell counting, the height of the disector was the entire thickness of the section (t ϭ h). The disadvantage of this strategy is the "lost caps" error. This error refers to the fact that nucleoli at the very surface of the section will not be counted and will thus lead to an underestimation of the total number of neurons. Given that our data compare the lesioned and nonlesioned side within the same subject, the lost caps error should apply equally to both sides and no systematic bias is likely to be introduced. The thickness of the sections was measured in each case.
The fraction of the sampled area (asf) was calculated according to the formula asf ϭ area of frame ϫ number of frames analyzed/ area outlined.
The frame area was in all cases 50 ϫ 50 m. The number of frames analyzed depended on the grid size that was superimposed over the outline of the struc-
Every section within the series was analyzed. Therefore, the fraction of sampled sections (ssf) was the same as the fraction of sections used for the Nissl stain (1/6 in patient KB, 1/10 in cases PK and SP, and 1/8 in monkeys).
The error in counting total cell numbers by these stereological techniques was estimated with the coefficient of error (CE ϭ SEM/mean). The CE for each side (left and right) in each case was estimated with the quadratic approximation method (6) . In all but one case the CE was below 10% (M7-96, CE ϭ 12.2%).
Cell area was measured with the aid of Neurolucida 2.1. A grid with frames of the same dimensions as the one used for cell counts was superimposed over the outline of the MMN. The selection of regions to be analyzed was done with the aid of the fractionator (see 28). The criteria for selecting the neurons to be measured were the same as those mentioned above. The outlines of neurons whose nucleoli were visible were drawn at a magnification of 400ϫ. Table 2 presents a summary of the numbers of neurons measured in all cases.
Statistical comparisons were made by using a twotailed t test to evaluate differences in the mean cell cross-sectional areas between the left and the right MMN in both human and monkey cases.
To simulate the distribution and density of neurons in the medial mammillary nucleus, we used the MAT-LAB 5.3 software (The MathWorks, Inc., Natick, MA).
RESULTS
Histological Analysis of Hippocampus and Mammillary Nuclei
The macroscopic appearance of a coronal section through patient KB's brain can be seen in Fig. 1 . In this image, which is at a level through the posterior hippocampus, both the bilateral middle cerebral artery infarcts (black arrows) and the left posterior cerebral artery infarct (PCA) (white arrow) are apparent. As a consequence of the PCA infarct, the entire left hippocampal formation and parts of the parahippocampal gyrus through nearly its entire rostrocaudal extent were affected. In addition, the left lateral ventricle was considerably enlarged.
The microscopic examination of these structures at low magnification (Fig. 2) shows the extent of the lesion within the medial temporal lobe. The subiculum has been lost throughout its entire rostrocaudal extent due to the infarct. Damage to the white matter extended below the hippocampus into the collateral sulcus. The left fornix was shrunken on the side of the lesion (not shown). The mammillary complex was visibly smaller on the left (infarcted) side compared to the contralateral side (Fig. 4A) . A similar set of results was observed in the experimentally induced fornix transection in the rhesus monkeys. The fornix distal to the transection was shrunken (Fig. 3) and the ipsilateral medial mammillary nucleus was visibly smaller (Fig. 4B) .
Although the causative lesions were different for the human and monkey cases, the effects on the MMN were very similar. In both cases, the reduction in the size of the deafferented MMN was accompanied by an apparent higher packing density of neurons (Figs. 4A, 4B, and 5).
Volume of the MMN
The macroscopic observations of MMN shrinkage were confirmed by our quantitative analysis (Fig. 6) . 
FIG. 2.
Bright-field photomicrograph of a Nissl-stained coronal section through the brain of patient KB at the level of the medial mammillary nucleus (MMN) and the rostral hippocampal formation. Note the loss of several fields of the left hippocampal formation (arrow). The asterisk marks damage to the white matter subjacent to the hippocampus and an extension of the infarct into the collateral sulcus (CS). (CA1, CA1 field of the hippocampus; CA3, CA3 field of the hippocampus; DG, dentate gyrus; EC, entorhinal cortex; S, subiculum.) Scale bar, 1 cm.
The MMN ipsilateral to the lesions in both species are characterized by a substantial decrease in volume. The left (deafferented) MMN in KB had a volume that was approximately 55% of the contralateral side ( Table 1 ). The volumes of the deafferented MMN in the experimental monkeys were approximately 47-58% of the contralateral side. A comparison of the left with the right mammillary nuclei revealed a difference of 0 -12% in the human controls and of less than 5% in the control monkeys. It is unlikely, therefore, that the substantial decreases in the volumes of the medial mammillary nucleus on the side of the lesion were unrelated to the lesion-induced deafferentation.
Total Neuronal Count in the MMN
Comparison of total neuronal counts on the left versus the right side in patient KB revealed a difference of 15.19% with fewer cells on the deafferented side (Fig. 7) . The differences between the left and the right MMN cell counts in the two control cases were 10.53 and 12.15%, with no consistent left or right advantage. Thus, the discrepancy in neuronal number between the ipsilateral and the contralateral MMN in patient KB was not markedly larger than the discrepancy expected from normal hemispheric variability. However, consistent with a small deafferentation-induced cell loss, we found a lower number of neurons on the deafferented side in each of the four monkey cases that ranged from 7.63 to 14.33% (detailed data shown in Table 2 ). The fact that in every case there were fewer cells on the lesioned side suggests an influence of the lesion on this measure.
Cell Body Cross-Sectional Area
There was a consistent decrease in the cross-sectional area of neurons in the deafferented MMN (Fig.  8) . In patient KB, the mean cross-sectional area decreased 20.45% on the ipsilateral side. The mean crosssectional area on the contralateral side was 303.33 m 2 and on the side of the infarct it was 241.27 m 2 (t ϭ 4.05; df ϭ 240; P Ͻ 0.0001). As illustrated in Fig. 8A , the shift in distribution of cell sizes resulted in a decreased number of neurons with areas greater than 450 m 2 and a concomitant increase in neurons with areas less than 150 m 2 . In both control human cases, the difference in the mean neuronal area between the left and the right sides was less than 2% and was not statistically significant (data not shown; PK, t ϭ 0.36, df ϭ 211, P ϭ 0.71; SP, t ϭ 0.22, df ϭ 327, P ϭ 0.82).
In each of the four experimental monkeys, there was also a decrease in the mean neuronal cross-sectional area on the side of the fornix transection (detailed data shown in Table 2 ). The reduction ranged from 8.25 to 24%, with an average reduction of 15.82%. A two-tailed t test was performed for each monkey case and the difference between the cell body areas on the left vs the right side was significant (P Ͻ 0.001) in each case. The histogram of neuronal cell sizes for one of the four monkey cases (M7-96) is illustrated in Fig. 8B . As in patient KB, there is a clear shift of the distribution of cell sizes toward the left, i.e., toward smaller cells.
FIG. 3.
Bright-field photomicrograph of a Nissl-stained coronal section of the monkey fornix (case M7-96) at a level distal to an experimentally produced transection. Note the atrophy of the ipsilateral (left) fornix. Scale bar, 500 m.
FIG. 4. Photomicrographs of Nissl-stained coronal sections through the medial mammillary nucleus of patient KB (A) and of monkey M7-96 (B)
. Note shrinkage and increased cell density of the deafferented (left) medial mammillary nucleus for both human and monkey cases. Scale bar in A, 1 mm, and in B, 500 m.
DISCUSSION
Changes in the Volume of the Medial Mammillary Nucleus Following Deafferentation
The volume of the medial mammillary nuclei in our two control human subjects ranged from 30 to 55 mm 3 and the left/right difference was negligible in one case and approximately 13% in the other. The nondeafferented medial mammillary nucleus in subject KB was 51 mm 3 , whereas the one on the side with the hippocampal/subicular damage was 28 (29) evaluated the volume of the MMN in the context of a study on normal aging and dementia. They found that the volume of the medial mammillary nucleus ranged from 18 to 61 mm 3 with no significant differences detected between the left and the right sides. Interestingly, they found a highly significant age-related reduction in the volume of the medial mammillary nucleus. This may explain, in part, why the volume of this nucleus was smaller in control subject PK (who was 94 years of age at death) compared to that of control subject SP, who died at 82. Magnetic resonance imaging studies have estimated the volume of the medial mammillary nucleus at 51 Ϯ 2.5 mm 3 (1) and 38 -68 mm 3 (22) . In our monkey studies, the volume of the medial mammillary nuclei located contralateral to the fornix transection was between 2.35 and 2.86 mm 3 . Powell et al. (19) reported that the volume of the medial mammillary nucleus in macaque monkeys ranged from 1.66 to 2.14 mm 3 with no apparent left/right differences. Zola-Morgan et al. (31) reported volumes in Macaca fascicularis monkeys ranging from 1.82 to 2.45 mm 3 . Furthermore, the volume of the MMN in the control monkeys used in our study ranged from 1.43 to 3.02 mm 3 . In our experimental monkeys, the volume of the deafferented medial mammillary nucleus was reduced by 42-53%. In Zola-Morgan et al. (31) the volumes of bilaterally deafferented medial mammillary nuclei were reduced, on average, by 48%. This indicates that bilateral fornix transection or hippocampal damage does not lead to appreciably greater shrinkage than unilateral fornix transection. Thus, in the human and in the macaque monkey, deafferentation of the medial mammillary nucleus consistently produces a decrease in its overall volume to approximately half its normal size. Given that there is no naturally occurring asymmetry between the left and the right mammillary nuclei, the substantial decreases in volume that we have measured in both the human and the monkey cases would appear to be due to deafferentation.
Changes in Cell Numbers Following Deafferentation
To our knowledge, no previous studies have evaluated the possibility of neuronal loss in the human or nonhuman primate medial mammillary nucleus following fornix transection or hippocampal damage. Our study found a total neuronal number of 280,000 -480,000 in the medial mammillary nucleus of human control subjects. In patient KB, we counted 260,000 neurons in the deafferented medial mammillary nucleus and 310,000 cells contralaterally, a difference of 17%. In the two control subjects, the side-to-side difference was 9 and 13%. These findings (in conjunction Note. L PCA infarct, left posterior cerebral artery infarct; L F ϫ T, left fornix transection.
FIG. 6.
Volume of the left and right medial mammillary nucleus in patient KB and two control brains (A), in four unilateral fornixtransected monkeys (B), and in four control monkeys (C). Note that there is a substantial decrease in the volume of the medial mammillary nucleus ipsilateral to the hippocampal damage in patient KB (A) or following fornix damage in the monkey cases (B). While there are no left/right differences in the volume of the mammillary nuclei in normal control animals (C), the volume is decreased in older animals (M-12-98 and M13-98, who were approximately 7 years of age) compared with younger animals (AN/AF and M-8 -98, who were approximately 3 years of age).
with results from the monkey studies-see below) indicate that deafferentation led to a modest loss of neurons in the medial mammillary nucleus of subject KB. It is possible that some of this apparent loss of neurons may have resulted from the shrinkage of small neurons to a diameter of less than 10 m, which would put them below our counting threshold.
From our data on the volume of the medial mammillary nucleus and neuronal cell number, we have calculated that the neuronal density in the medial mammillary nuclei in our control human subjects is between 8700 and 10,000 cells/mm 3 . In subject KB, the nondeafferented side had a neuronal density of approximately 6100 cells/mm 3 , whereas in the deafferented medial mammillary nucleus, the density increased to 9300 cells/mm 3 . These results are generally consistent with other studies. Mammillary cell number and cell density have been described by Powell et al. (19) for a number of species. Neuronal number for the one human case reported was 385,000 (R) and 393,000 (L), with a density of approximately 15,000 cell/mm 3 . The more recent study by Wilkinson and Davies (29) provided results that are somewhat more consistent with our own data. The neuronal counts they reported for the medial mammillary nucleus were between 177,000 and 410,000 and the density was 3900 -11,128 cells/ mm 3 . They point out that the cell density was significantly higher in their aged group (10,868 cells/mm 3 ; 74 -84 years of age) compared to their young control group (6015 cells/mm 3 ; 27-46 years of age). Our data for the experimental studies in the monkey are consistent with the human case findings. First, the difference in cell counts for the deafferented medial mammillary nucleus and the contralateral side were relatively low and ranged from 8 to 13%. In all cases, the number of neurons was lower on the deafferented side. On average, the deafferented medial mammillary nucleus had 55,500 neurons while the contralateral side had 61,700 neurons. Neuronal density in the nonlesioned nucleus was between 20,000 and 26,000 cell/ mm 3 , whereas the density was 30,000 -51,000 cells/ mm 3 on the deafferented side. Powell et al. (19) found the total neuronal number in the medial mammillary nucleus of the macaque monkey to range from 52,000 to 78,000 with a density of approximately 35,000 cells/ mm 3 . Thus, the massive deafferentation of the medial mammillary nucleus following fornix transection, which leads to a 50% decrease in nuclear volume, produces a very modest decrease in neuronal cell number.
Changes in Cell Cross-Sectional Area Following Deafferentation
The average cross-sectional area of neurons in the medial mammillary nucleus ranged from 190 to 303 m 2 in the human control subjects. These data compare favorably with a previous study in humans (20) in which the mean cross-sectional neuronal area was 360 m 2 . In the monkey, the mean cross-sectional areas of (25) reported a mean cross-sectional area of 142 m 2 for neurons in the macaque monkey medial mammillary nucleus which compares favorably with data from the present study. They also pointed out that there are relatively few neuronal types in this nucleus with the vast majority of neurons composed of a spiny, multipolar cell type.
In both human and experimental monkey cases there was a consistent decrease in the cross-sectional area of the medial mammillary nuclei neurons on the side ipsilateral to the lesion. The decrease was on average 16% in the monkey cases and was 20% in the human case. This result is in accord with a similar anterograde degeneration study that found 25% shrinkage of the soma size in the cuneate nuclei following long-term dorsal rhizotomies in adult monkeys (30) .
What Accounts for the Decrease in Volume of the Deafferented Medial Mammillary Nucleus?
The intent of this study was to quantitatively address a series of relatively straightforward and related issues relating to medial mammillary nucleus atrophy: Is there transneuronal degeneration of medial mammillary neurons in response to destruction of the hippocampal formation or transection of the fornix? Do remaining neurons change in size? Can the macroscopically apparent atrophy of the medial mammillary nucleus be accounted for by the loss of cells, by cell shrinkage, or by the loss of neuropil?
One approach to the issue of the relative contributions of each of these factors to the 45% decrease in medial mammillary nucleus volume is to ask the question, What proportion of the volume of the medial mammillary nucleus is occupied by neuronal cell bodies? To answer this question we made the following calculation based on data from the nondeafferented side of subject KB. Assuming a spherical neuronal cell body with a radius of 10 m, its volume would occupy approximately 4000 m 3 . Given that there are 300,000 neurons in one medial mammillary nucleus, the volume occupied by the entire population of cell bodies is approximately 1.2 mm 3 . Since the total volume of the medial mammillary nucleus is 51 mm 3 , the fraction occupied by neuronal cell bodies is 2.3%. In the monkey (based on M-5-96) individual neuronal volume is around 2000 m 3 . Given a total neuronal population of 55,000, the volume occupied by the soma of neurons is 0.11 mm 3 . Given an overall volume of 2.35 mm 3 , the neuronal cell bodies account for approximately 4.7% of the total volume of the medial mammillary nucleus.
The fact that the neuronal cell bodies occupy such a very small percentage of the total volume of the medial mammillary nucleus initially did not seem to fit with the impression gained from viewing Nissl-stained sections (Figs. 4 and 5) . We therefore produced a simulation of the neuronal density of the medial mammillary nucleus using Matlab. The model distributed 300,000 spheres (neurons) of 10-m radius randomly within a cubic volume of 50 mm 3 . A graphic representation of the distribution of neurons within a subvolume of this cube is illustrated in Fig. 9A . We then plotted a simulated 50-m-thick section (at the same scale as the photomicrograph in Fig. 5B , see Fig. 9B ) with the provision that neurons that are either totally within the volume of the 50-m section or that have been cut on one surface should be included. By carrying out this simulation, it became apparent that the visual impression of the density of objects is quite similar in the actual and simulated medial mammillary nucleus section.
Since the neuronal cell bodies occupy only about 2% of the nuclear volume, we can conclude that neither the shrinkage of the cell bodies nor the minor loss of medial . Arrows indicate the means of the two samples. There is a significant decrease in the mean cross-sectional neuronal area in the deafferented medial mammillary nucleus. mammillary nucleus neurons contributes greatly to the 45% loss in nuclear volume.
What Else Accounts for the Loss of Medial
Mammillary Nucleus Volume?
One must conclude that the main contributions to the change in medial mammillary nucleus volume come from components of the nucleus that were not directly observed in this study. First, both in subject KB and in the experimental animals, the fibers of the fornix were eliminated from the medial mammillary nucleus. In man, there are approximately 1.5 ϫ 10 6 axons entering the nucleus from the postcommissural fornix (19) . Given that these fibers ramify upon entering the nucleus, they would make a substantial contribution to its neuropil. Second, we have not visualized the dendritic trees of the medial mammillary nucleus neurons. While quantitative data are difficult to find in the literature, it is likely that the dendritic trees of the medial mammillary neurons occupy a substantially greater volume of the medial mammillary nucleus than the cell bodies. There are numerous examples of deafferentation-induced shrinkage of dendritic trees (2, 12, 16, 18) and it is therefore quite likely that the dendritic plexus of deafferented medial mammillary neurons would also atrophy as well.
We conclude that: (i) there is a relatively meager transneuronal loss of neurons in the medial mammillary nucleus following lesions of the hippocampal formation or transections of the fornix, (ii) the mean cross-sectional areas of the somata of remaining neurons shrink by approximately 20%, and (iii) the major substrates of the deafferentation-induced atrophy of the medial mammillary nucleus are the elimination of incoming fornix fibers and (possibly) decreases in the size of the dendritic plexuses of medial mammillary neurons.
